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Normal  cells  of  Nitella  behave  very differently  toward  potassium 
and sodium.  Between a  spot in contact with 0.01  i  KC1 and one in 
contact with 0.01 M NaC1 there may be a  P.D. of 85 my. or more  1 (this 
is  called  the  potassium  effect).  This behavior is  completely altered 
when  the  cells  are kept  for  2  or  3  days in  distilled water.  The cell 
then loses its power to discriminate between sodium and potassium so 
that the potassium effect is lacking. 
The potassium  effect may be  restored  by action  currents  ~ and by 
mechanical means.  3  It will be shown in this paper that it can also be 
restored by chemical means. 
A  typical experiment is as follows. 4  Cells deprived of the potassium 
effect (by remaining for 6 days in distilled water)  were arranged as in 
Fig.  1 with 0.01  M NaC1 at all contacts.  The substitution  of 0.01  M 
KC1 for 0.01  M NaC1 at C  (at 1 in Fig.  2)  did not make the  P.D.  more 
10sterhout, W. J. V., J. Gen. Physiol.,  1929-50, 13~ 715. 
20sterhout, W. J. V., and Hill, S. E., J. Gen. Physiol.,  1934-35, 18, 681. 
3 Hill, S. E., and Osterhout, W. J. V., J. Gen.  Physiol.,  1934-35, 18, 687. 
a Similar  results were obtained with cells collected  in June and kept in Solu- 
tion A  (this contains calcium,  cf.  Osterhout,  W.  J. V.,  and Hill,  S.  E.,  J.  Gen. 
Physiol., 1933-34, 17~ 87).  These cells (like those found later in summer) showed 
no potassium effect or irritability.  It seems possible that  during the season of 
active growth the substances necessary for these effects are not produced in suffi- 
cient  quantities,  perhaps because the  raw materials are used up  in  the process 
of growth. 
The experiments were performed on Nitella flexilis Ag.  The technique unless 
otherwise stated is similar to  that  described  in  previous papers  (cf.  Osterhout, 
W. J. V., and Harris, E.  S., J. Gen.  Physiol.,  1927-28,  11, 391.  Osterhout,  W. 
J. V., and Hill, S.  E., J. Gen.  Physiol.,  1929-30,  13,  547; 1930-31,  14~  385, 473; 
1933-34, 17, 87.  Blinks,  L. R., J. Gen. Physiol.,  1929-30, 13, 361). 
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FIG. 1.  Arrangement for testing cells (placed on a block of paraffin) with various 
solutions.  C and D are flowing contacts for changing solutions during recording. 
All  contacts  are  made  through  saturated  calomel  electrodes.  GGG  represent 
Cambridge string galvanometers with  thermionic amplifiers  (the  measurement 
is essentially electrostatic).  The recording instrument was a  Cambridge Type A 
string galvanometer in which the single string had been replaced by three tungsten 
wires, each 5~ in diameter.  Careful calibration shows the deflections to be propor- 
tional to the applied voltage within the limits of the recording paper here employed. 
FIG. 2.  Photographic record of an experiment arranged as in Fig.  1.  At the 
start C and D  were in contact with 0~01 ~  NaC1  (E was omitted).  During the 
first part of the experiment all changes were made at C (upper curve): the fact 
that  D  (lower  curve)  remained unchanged shows  that  the  common contact F 
was also free from change. 
At 1, 0.01 M KC1 was applied to C with little result; at  2,  it  was  replaced  by 
0.01 ~  KC1 +  0.0001 ~  NH3  which  also  produced little result.  At 3, this  was 
replaced by 0.001  ~  NH8  +  0.01 ~  KC1.  This produced a  normal  potassium 
effect  (about 84 inv.).  When 0.01 M NaC1 was applied (at 4)  the P.D.  returned 
to normal.  At 5, 0.01 •  KC1 was applied to D, producing a small increase in posi- 
tivity, somewhat greater than that seen in the upper curves (at 1). 
Temperature about 24°C.  The vertical marks are 5 seconds apart.  Previous 
to the experiment the cell was kept in distilled water for 6 days. w.  j.  v.  OSTElmOIIT  989 
negative (as it would have done had the potassium effect been present). 
At 2  the 0.01 ~  KC1 was replaced  5 by  0.01 ~  KC1  +  0.0001  ~  NHs, 
but  as  this  had  no  effect  6 it was replaced  (at  3)  by 0.01  ~  KC1  + 
0.001  M  NH~.  This  concentration  of  NH8  restored  the  potassium 
effect as is shown by the fact that the P.D. became about  84 my. more 
negative3  When this solution was replaced by  0.01  ~  NaC1  (at 4) 
the P.9. returned to the normal, showing that no injury had occurred. 
In many cases the potassium effect was obtained with 0.01 ~  KC1 + 
0.0001  ~  NH3.  Apparently the  concentration required depends on 
the condition of the cell. 
Similar  results  were  obtained  by  employing NH4C1  (0.0001  ~  to 
0.01  ~)  and  tetraethyl ammonium  chloride  (0.0001  M to  0.01  M)  in 
place of NH3,  but  they gave a  smaller percentage of successes than 
NH3, possibly because the latter penetrates more rapidly (NH3 appears 
to combine with a constituent of the protoplasmic surface in enteringS). 
The experiment was  then varied as follows.  Cells which had lost 
their potassium  effect by leaching in  distilled  water  were  tested  by 
applying 0.01 ~  KC1 at one spot:  as this gave no result the KC1 was 
replaced by 0.01 ~  NaC1.  Then 0.001  ~  NH3 was applied for about 
30 seconds.  After this the application of 0.01 ~  KC1 gave the potas- 
sium  effect in  nearly all  cases.  An  application of  0.01  ~  NaC1 was 
always made after the KCI to make sure that the negativity was  not 
the result of injury. 
s NH8 as here used includes  NH4OH. 
e Substitution of 0.001 •  NH8 for 0.01 M  NaC1 in living cells produced an effect 
(about 17 mv. positive) which was somewhat larger in dead cells (about 28 mv.). 
Substitution of 0.01 M NH4C1 for 0.01 ~ NaC1 produced a negative change which 
varied with the particular lot of cells employed (up to 40 inv.) and in dead cells 
a very small negative effect (about 4 mv.).  Substitution of tetraethyl ammonium 
chloride 0.01 ~ for 0.01 ~ NaC1 produced a negative change of about 145 mv. but 
this was not wholly reversible since after returning to 0.01 ~r NaC1 the spot was 
still about 86 my. more negative to 0.01 ~  NaC1 than before (the actual effect, 
aside  from injury, was probably about 58 mv.).  With dead cells the negative 
change was about 16 my. 
In all  experiments the pH  of  the NH,C1 and of  the  tetraethyl ammonium 
chloride was about 5.4. 
In some experiments  the restoration of the potassium  effect was slow or in- 
complete. 
8 Osterhout, W. J. V., Proc. Nat. Acad. So., 1935, 21~ 125. 990  CHEMICAL  RESTOllATION  IN  NITELLA.  I 
In other cases the cells  were first tested for potassium effect and  irritability 
with negative results.  Then after soaking the entire  cell  in NH3 it  was  tested 
for irritability with 0.01 •  NaC1 at all contacts.  This was replaced at one spot 
by 0.01  ~  KC1 or 0.01  ~  KC1  -t- 0.001  ~  NH3 which  gave a  potassium  effect. 
Mter  this  0.01  ~  NaC1 was applied  to  see  if  the  P.D. returned to normal.  In 
some cases no potassium effect was observed until  a second application of 0.01 
KC1 or 0.01 ~ KC1 4- 0.001 ~ NH3 was made at the same spot2 
In some cases 0.01  ~  NaC1 was not employed at certain spots until after the 
application  of KC1. 
In order  to determine  whether  irritability  could be  restored  it  was 
necessary to treat  the entire  cell  (or a  considerable portion of it).  A 
\ 
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Fro. 3.  Diagram of a series of paraffin cups A to F, with a single cell of Nitella 
passing through all of them.  (In each partition the NiteIla cell is sealed in with 
vaseline.)  GGG as in Fig. 1.  Ag-AgC1 electrodes dip into the cups.  Cf. Oster- 
hout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933-34, 17~ 87. 
lot of cells which had lost  their irritability  and potassium  effect were 
soaked  in  0.001  M or 0.002 M NHs.  An electrical  stimulus  giving an 
outgoing current at B  was then applied  (100 to 300 mv. D.C.) and they 
were then  tested  for the potassium  effect. 
In the first set of experiments it was found that soaking for 1 minute 
sufficed  to  restore  the  potassium  effect  but  not  the  irritability.  In 
order  to  ascertain  the  proper  length  of  exposure  the  following 
procedure was adopted. 
9 Restoration of the potassium effect was not regarded as  due  to  NI-L when 
preceded by an action current since the latter can itself  cause  an action current 
(footnote 2). w.  3".  v.  OSTEm~OUT  991 
Cells were arranged as in Fig. 3 with 0.01 ~  NaC1 in all the cups.  Then the 
NaCI was replaced by a solution of NH3 which was poured in until it filled the 
cups and covered the spaces between them so that it bathed the entire cell.  Mter 
15 seconds it was drained off so that it filled the cups but left the spaces between 
them free from solution: in these spaces the cell was surrounded by moist air (the 
cell wall was imbibed with the solution of NH3).  The cell was then tested for 
potassium effect and irritability and then completely submerged once more in 
the solution of NH3 for 15 seconds.  This was continued until a positive result was 
obtained? 
Using this procedure it was found that an exposure (varying from 45 
seconds to 2 minutes) to 0.0005 ~r or 0.001 M NH, or to 0.01 ~  NH4C1 
(at pH about 5.4) sufficed to restore the potassium effect and irritabil- 
ity in nearly every cell tested. 
The action curves were like those in normal cells except that recov- 
ery  was  often  slow:  in  many  cases  they  belonged  to  types  which, 
though  occurring  in  normal  cells,  were  not  those  most  commonly 
encountered in such cells. 
DISCUSSION 
How does NH, produce these effects?  Alkalinity does not seem to 
be  of  primary  importance  since  similar  effects  are  obtained  with 
NH4C1 0.01 ~  at a pH of about 5.4 (where the concentration of NH, is 
negligible).  Moreover  a  number  of  bases  were  found  to  have  no 
restorative action, e.g.  strychnine, brucine, codeine, veratrine, yotfim- 
bine, aniline, and toluidine.  ~° 
Previous  experiments  indicate  that  the  potassium  effect depends 
chiefly on the higher mobility  n  or higher concentration of K + in the 
outer  protoplasmic  surface  (as  compared  with  Na+).  Such  a  high 
mobility of K + does not accord with Walden's rule  12 which states  that 
mobility  times  viscosity is  a  constant.  On  this  basis  the  mobility 
ratio  Us  +  UNa would  be  approximately the  same  in  all  solvents. 
But great differences in mobility might result from the  formation of 
10 Osterhout, W. J. V., and Hill, S. E., Proc. Soc. Exp. Biol. and Med., 1934-35, 
32~  715.  The alkaloids were dissolved in water without addition of alkali. 
u Osterhout, W. J. V., J. Gen. Physiol.,  1929-30, 13~  715; Ergebn. Physiol., 
1933, 35~ 994. 
12 Osterhout, W. J. V., Ergebn. Physiol., 1933, 35~ 1007.  This rule applies best 
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complex ionsY  If,  for example, sodium formed a  complex ion of low 
mobility but potassium did not the situation in normal cells might be 
accounted for and it would then be necessary to suppose that after 
treatment with distilled water this no longer happened and in conse- 
quence the mobility of Na  became approximately equal  to  that of 
K +.  But such an explanation fails where we find that the mobility of 
Na + is not changed by the treatment with distilled  water since the 
concentration effect  14  of  Na +  remains  the  same  but  that  of  K +  is 
reduced and becomes like that of Na  ÷. 
It will  be  noted  that  in  Fig. 2  the  substitution of  0.01  ~  KC1 
for 0.01  ~  NaC1  causes  the  P.D. to  become  more  positive.  This 
would indicate that the apparent mobility of K ÷  has  become  less 
than that of Na ÷. 
In calculating the mobility of K ÷ we use the equation  I 
R__.T u -- v log Cl_ 
V.D.  =  F  U  +  V  C, 
so that the result depends in part on the concentration of K+ in the 
non-aqueous protoplasmic surface.  Could this be  greater than the 
corresponding concentration of Na+? 
It does not seem probable that  compounds of potassium  in  the 
external solution can have partition coefficients sufficiently high (as 
compared  with  those  of  sodium  compounds)to  account  for the 
results.  15 
But it is possible that potassium may form in the non-aqueous layer 
compounds yielding K + or complex ions of the type (KZ)+ and that 
this may take place to a much greater degree with potassium than with 
sodium.  If (KZ) + were formed we should, in determining the concen- 
tration effect, measure a  diffusion potential involving both K+ and 
(KZ) + which would give a higher value for potassium than for sodium. 
13 Solvation with the non-aqueous organic solvent forming the surface layer 
might play a r61e but it does not seem probable that it could explain the difference 
in behavior of K + and Na +. 
14 E.g. the I".D. between 0.01 ~ and 0.001 M  NaC1 in the protoplasmic surface. 
Cf.  footnote 1. 
is Shedlovsky, T., and Uhlig, H. H.. J. Gen.  Physiol.,  1933-34, 17~ 549, 563. W.  J.  V. OSTERHOUT  993 
If this did not happen in cells treated with distilled water  ~6 the observed 
result might  be accounted for.  Such compounds would presumably 
have very little solubility in water37 
How ammonia alters these, or other variables, to restore the potas- 
sium effect cannot be stated at present.  Experiments are being made 
to ascertain what other substances act in similar fashion. '° 
One way of attacking this problem is to ascertain whether ammonia 
affects the behavior of K + and of Na  + alike.  For this purpose the 
concentration  effects were  determined. 18  It  was  found  that  on  re- 
placing 0.001 ~  by 0.01 ~  NaC1 in cells leached with distilled water the 
concentration effect was about the same as in normal cells.  But the 
concentration effect of KC1 was reduced to approximately that of NaC1. 
Hence it is apparent that leaching affects the behavior of potassium 
very much more than  that  of sodium.  It may conceivably prevent 
potassium from  combining with  substances in  the surface layer and 
hence may decrease the concentration  of K + or (KZ)+ as compared 
with that of Na +.  Or  it may alter  the mobility of K +. 
It may be added that when the potassium effect is rapidly restored 
(within  10 seconds or less), as may happen when 0.001 ~  NH8 -t- 0.01 
~r KC1 is placed on a spot which previously showed no potassium effect 
with KC1 alone, its action must be largely confined to the outer proto- 
plasmic surface layer.  For in this brief interval it must pass through 
the cellulose wall (about 10 microns thick)  and it does not have time 
to penetrate the protoplasm to any great extent. 
Let us now consider  irritability.  Previous experiments  indicate  ~9 
that  unless the non-aqueous  surface is broken down by the applied 
~.M.F., or becomes more permeable, no action current results.  If the 
surface layer is so changed by the leaching that  it cannot so readily 
break down or become permeable, irritability will be correspondingly 
16 I.e.  because certain substances had  been removed from the surface layer. 
1~ Compounds of sodium and  potassium  less soluble in water  than  in some 
non-polar  solvents  have  been described by Hundeshagen  (of. Jacques,  A.  G., 
J. Gen. Physiol., 1934-35, 18, 283). 
ts The technique was as described in a former paper (cf. footnote 1). 
19 Osterhout,  W.  J. V., J.  Gen.  Physiol.,  1934-35, 18, 215.  Hill, S. E.,  and 
Osterhout, W. J. V., J. Gen. Physiol., 1934-35, 18, 377. 994  CHEMICAL  RESTORATION  IN  NITELLA.  I 
diminished.  On this basis the restorative action of ammonia would 
depend on its ability to restore the sensitivity of the layers, particu- 
larly of that at the inner surface which seems to be the one chiefly 
concerned.2° 
On this basis we should expect the potassium effect to be restored 
more  rapidly  than  irritability by  NH3  since  the  potassium  effect 
depends  on  the  condition  of  the  outer  surface.  This  agrees  with 
observation.  (But in experiments with NH4C1 this was not the case: 
the reason for this is not clear.)  We should likewise expect the potas- 
sium effect to disappear before irritability when cells are placed in 
distilled water.  This often happens  ~ but  in  some  cases  irritability 
disappears  first. 
On the basis of what has been said we should expect irritability and 
the potassium effect to be restored by any substance which can put the 
surfaces into a condition similar to that found in normal cells in winter  21 
and it seems possible that this might be  done by a  variety of sub- 
stances.  We need not suppose that all cells which show irritability 
and  the potassium  effect have precisely the  same  composition and 
indeed the notion of uniformity in this respect is opposed by a variety 
of  evidence32 
We must also bear in  mind the  possibility that  NH~, NH  +,  aud 
tetraethyl ammonium cause R to pass from the vacuole into the proto- 
plasm and thus restore the irritability and the potassium effect. 
20 Osterhout, W. J. V., J. Gen. Physiol.,  1934-35, 18~ 215.  It should be borne 
in mind that the inner protoplasmic surface layer does not appear to change its 
behavior toward potassium since the P.D. across the protoplasm does not diminish 
as the result of treatment with distilled water (this  P.D. appears to be due to the 
gradient of K + across the inner protoplasmic surface). 
2t In summer the cells as a rule do not produce action currents when stimulated 
electrically. 
2~ For example, the potassium effect is not always  the same in magnitude or 
in the time required to reach a steady value, indicating that the outer surface is 
variable.  Cells  which  are irritable may show different  forms  of the first part of the 
action curve, indicating that the inner surface is variable (Hill, S. E., and Oster- 
hout, W. J. V., J. Gen. Physiol., 1934-35, 18~ 377.  Osterhout, W.J.V., and Hill, 
S. E., J. Gen. Physiol., 1934-35, :t8~ 499). w.  j.  v.  OST~.~OVT  995 
SUMMARY 
The potassium effect in Nilella (the high P.D. observed in leading off 
from a spot in contact with 0.01 ~  KCI to one in contact with 0.01 M 
NaCI) and the irritability can be removed by placing cells in distilled 
water for 2 or 3 days.  They can be restored by NH3 or by NH4CI. 
The potassium  effect can  also be restored by  tetraethyl  ammonium 
chloride  (no tests were made of its ability to restore irritability). 